Nontyphoidal Salmonella enterica strains with a nonclassical quinolone resistance phenotype were isolated from patients returning from Thailand or Malaysia to Finland. A total of 10 isolates of seven serovars were studied in detail, all of which had reduced susceptibility (MIC > 0.125 g/ml) to ciprofloxacin but were either susceptible or showed only low-level resistance (MIC < 32 g/ml) to nalidixic acid. Phenotypic characterization included susceptibility testing by the agar dilution method and investigation of efflux activity. Genotypic characterization included the screening of mutations in the quinolone resistance-determining regions (QRDR) of gyrA, gyrB, parC, and parE by PCR and denaturing high-pressure liquid chromatography and the amplification of plasmid-mediated quinolone resistance (PMQR) genes qnrA, qnrB, qnrS, qnrD, aac(6)-Ib-cr, and qepA by PCR. PMQR was confirmed by plasmid analysis, Southern hybridization, and plasmid transfer. No mutations in the QRDRs of gyrA, gyrB, parC, or parE were detected with the exception of a Thr57-Ser substitution within ParC seen in all but the S. enterica serovar Typhimurium strains. The qnrA and qnrS genes were the only PMQR determinants detected. Plasmids carrying qnr alleles were transferable in vitro, and the resistance phenotype was reproducible in Escherichia coli DH5␣ transformants. These data demonstrate the emergence of a highly mobile qnr genotype that, in the absence of mutation within topoisomerase genes, confers the nontypical quinolone resistance phenotype in S. enterica isolates. The qnr resistance mechanism enables bacteria to survive elevated quinolone concentrations, and therefore, strains carrying qnr alleles may be able to expand during fluoroquinolone treatment. This is of concern since nonclassical quinolone resistance is plasmid mediated and therefore mobilizable.
Fluoroquinolones are among the most extensively used antimicrobial agents for the treatment of bacterial infections both in human and in veterinary medicine (16, 31) . Unfortunately, in many countries, extensive fluoroquinolone use has led to increasing numbers of resistant isolates, including nontyphoidal strains of Salmonella enterica, being recorded (11, 12, 30) . In Finland, the fluoroquinolone susceptibility of Salmonella isolates has been monitored in Finnish patients since 1995. Between 1995 and 2002, all Salmonella isolates with reduced fluoroquinolone susceptibility were uniformly resistant to nalidixic acid (9, 10, 17) . In 2003, we discovered a novel population of S. enterica strains with reduced fluoroquinolone susceptibility (MIC Ն 0.125 g/ml) but with susceptibility (MIC Ͻ 32 g/ml) or only low-level resistance (MIC ϭ 32 g/ml) to nalidixic acid (12) . Since 2003, 36 Salmonella isolates demonstrating this novel, nonclassical resistance phenotype have been found in our laboratory, and all were isolated from travelers returning from Thailand or Malaysia (18) .
Resistance to fluoroquinolones is typically mediated by alterations in the target enzymes DNA gyrase (GyrA and GyrB) and topoisomerase IV (ParE and ParC) or by changes in drug entry and efflux (14) . Recently, plasmid-mediated quinolone resistance (PMQR) has emerged in Salmonella and in other Enterobacteriaceae, and the prevalence of PMQR is increasing worldwide (27) . The first PMQR determinant identified was the qnrA gene (20) . Subsequently, further qnr alleles, e.g., qnrB, qnrS, qnrC, and qnrD, have been described (3, 19) . In addition, two other PMQR genes have been described: aac(6Ј)-Ib-cr, an aminoglycoside acetyltransferase variant gene which confers resistance to aminoglycosides in addition to reduced susceptibility to ciprofloxacin (28) , and qepA (quinolone efflux pump) which extrudes hydrophilic fluoroquinolones including ciprofloxacin from the bacterial cell (35) . Although all of these PMQR determinants confer only low-level resistance to fluoroquinolones, it is possible that PMQR is responsible for the rapid increase of fluoroquinolone resistance among Enterobacteriaceae (27, 31) . It is also of concern that there seems to be a correlation between qnr-positive and extended-spectrum ␤-lactamase-positive isolates (2, 22, 25) .
Since 2003, S. enterica isolates with a novel quinolone resistance phenotype, isolated from Finnish patients, have been detected. These isolates do not carry mutations within gyrA, and the molecular mechanism responsible for this nonclassical phenotype has remained unclear (12) . The aim of the present study was to characterize the molecular mechanisms of quinolone resistance present in various serovars of S. enterica exhibiting the nonclassical quinolone resistance phenotype isolated from Finnish patients returning from Thailand and Malaysia.
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MATERIALS AND METHODS
Salmonella strains. Ten S. enterica strains belonging to seven serovars and showing the nonclassical quinolone resistance phenotype were chosen for detailed investigation. The strains were a sample from a total of 36 S. enterica strains, which showed reduced susceptibility (MIC Ն 0.125 g/ml) to ciprofloxacin and were either susceptible or had only low-level resistance (MIC Յ 32 g/ml) to nalidixic acid, collected from Finnish travelers returning from Thailand or Malaysia between 2003 and 2007. The strains were chosen to include different serovars, years of collection, and origins present in the collection. An isolate was designated to be of Malaysian or Thai origin if the patient had reported travel to those destinations within 1 month before the specimen date. The strains were serotyped in the Gastrointestinal Infection Unit of the National Institute for Health and Welfare, and they belonged to seven serovars: Braenderup (n ϭ 1), Corvallis (n ϭ 2), Mbandaka (n ϭ 1), Montevideo (n ϭ 2), Stanley (n ϭ 1), Typhimurium (n ϭ 2), and Virginia (n ϭ 1 Mueller-Hinton II agar (BBL; Becton Dickinson and Company, Cockeysville, MD) was used as the culture medium. On the basis of results from earlier publications (1, 9, 10), the MIC breakpoint value for reduced ciprofloxacin susceptibility of Ն0.125 g/ml was chosen. The breakpoint concentrations for the other tested antimicrobials were chosen according to CLSI guidelines (6) .
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, E. coli ATCC 35218, Pseudomonas aeruginosa ATCC 27853, and one local highly ciprofloxacin-resistant S. enterica strain were used as controls for susceptibility testing.
Detection of mutations in the topoisomerase genes gyrA, gyrB, parC, and parE. PCR was used to amplify the quinolone resistance-determining regions (QRDRs) of target genes to identify mutations in each isolate. DNA was prepared and the QRDRs of gyrA, gyrB, parC, and parE were amplified with previously described primers and protocols (7, 8) . Mutations in the target genes were identified with a denaturing high-pressure liquid chromatography method as previously described (7).
Detection of PMQR. Screening for the qnrA, qnrB, and qnrS genes was carried out by multiplex PCR using a previously described method and specific primers (29) . The positive controls were E. coli J53 carrying pMG298 (positive for qnrB; strain kindly provided by George Jacoby) and pMG252 (positive for qnrA; kindly provided by Neil Woodford). The qnrD allele was amplified by PCR using a previously described method and primers (3), and as a positive control, we used Klebsiella pneumoniae (U58), an isolate in our collection previously confirmed as carrying qnrD. Any qnr-positive results were confirmed by the direct sequencing of both strands of amplicons using specific PCR primers. The sequencing was performed as previously described (23), and Vector NTI software (Informax, Inc., Bethesda, MD) was used for the DNA sequence analysis and translation into amino acids. Closest matches to these amino acid sequences were then obtained using the BLAST search engine (http://www.ebi.ac.uk/Tools/blast/).
Isolates were also screened for the other PMQR determinants. The aac(6Ј)-Ib-cr and qepA genes were amplified as previously described in references 24 and 34, respectively, using previously described primers. As positive controls, we used E. coli J53(pEK499) [positive for aac(6Ј)-Ib-cr; kindly provided by Neil Woodford] and E. coli KAM32(pSTVqepA) (positive for qepA; kindly provided by Kunikazu Yamane).
Accumulation of ciprofloxacin and Hoechst 33342. The efflux activity of the nonclassical quinolone-resistant isolates was assessed by determining the accumulation of ciprofloxacin and the fluorescent substrate Hoechst 33342 (bisbenzimide) (Sigma). The uptake of Hoechst 33342 was determined as described previously (32) . The fluorescence of Hoechst 33342 was measured using excitation and emission wavelengths of 355 and 365 nm, respectively, using a FLUOstar Optima fluorescence microplate reader (BMG Labtech, Aylesbury, United Kingdom). Ciprofloxacin accumulation was measured as previously described (21) and ciprofloxacin concentration measured using an LS45 fluorospectrophotometer (Perkin Elmer, Cambridge, United Kingdom) at excitation and emission wavelengths of 311 and 447 nm, respectively. For both substrates, accumulation was measured in the presence and absence of 100 M CCCP (carbonyl cyanide m-chlorophenylhydrazone; added to cell suspensions prior to the addition of Hoechst 33342 or ciprofloxacin). The results for the serovar control strains were found to be very similar (data not shown), and as a result, all data from the nonclassical quinolone-resistant strains were compared with S. Typhimurium SL1344, as this strain has been used extensively in accumulation assays in our laboratory. The Student t test was used to analyze statistically significant differences in accumulation between strains.
Plasmid DNA analysis. Plasmid analysis was performed for all 10 qnr-positive isolates. Plasmid DNA was extracted using the QIAprep spin miniprep kit (Qiagen Finland, Helsinki, Finland). The presence of qnr genes was ensured using Southern hybridization as previously described (26) .
Qnr plasmids were further analyzed by restriction mapping. The plasmid DNA was restricted with HindIII enzyme (New England Biolabs; Finnzymes, Espoo, Finland) to observe the restriction pattern, and the resulting fragment sizes were determined by gel electrophoresis.
Transformation experiment. Electroporation was used to transfer the plasmid DNA suspected to carry qnr alleles into E. coli DH5␣ competent cells. Transformants were selected on LB agar plates containing 0.03 g/ml ciprofloxacin. E. coli transformants were assessed using both phenotypic and genotypic methods. Ciprofloxacin and nalidixic acid susceptibilities were determined using the agar dilution method, and multiplex PCR was used to detect qnr determinants. The results were compared with those of the corresponding donor strain.
Detection of ␤-lactamase genes. Multiplex PCR was used to detect ␤-lactamase genes (TEM, SHV, and CTX-M genes) from all 10 Salmonella strains. The amplification of the TEM, CTX-M, and SHV genes was performed using previously described primers and protocols (23) , and the exact sequences of the PCR-positive strains were analyzed by direct sequencing (23) .
RESULTS
Antimicrobial susceptibility testing. All 10 Salmonella strains showed reduced fluoroquinolone susceptibility with ciprofloxacin MICs between 0.25 and 4 g/ml but were either susceptible or only resistant to a low level of nalidixic acid with a MIC range between 16 and 32 g/ml. Reduced susceptibility to additional fluoroquinolones (norfloxacin, ofloxacin, enrofloxacin, levofloxacin, and moxifloxacin) was also detected compared to ciprofloxacin-susceptible strains ( Table 1) . Three of the strains (Mbandaka, Montevideo, and Typhimurium) were also resistant to ampicillin and amoxicillin-clavulanic acid. However, cephalosporin resistance was not detected among these novel quinolone phenotype strains.
Mutations in topoisomerase genes. None of the common mutations associated with fluoroquinolone resistance in the QRDRs of the gyrA, gyrB, or parE genes were detected by denaturing high-pressure liquid chromatography analysis. All strains with the nonclassical resistance phenotype except S. Typhimurium strains possessed a Thr57-Ser substitution in ParC. However, it is unlikely that this mutation contributes to quinolone resistance, as it was also present in all control strains with wild-type quinolone susceptibility except S. Typhimurium strains (Table 1 ). This indicates that this substitution is likely to be a polymorphism common in serovars other than Typhimurium.
PMQR. Multiplex PCR results showed that the S. Mbandaka strain contained the qnrA1 gene (GenBank accession number AY070235); the remainder of the strains all carried the qnrS1 gene (GenBank accession number AB187515 Plasmid analysis. Plasmid analysis of the qnr-positive strains showed that the qnrA1 and qnrS1 genes were located in plasmids ranging in size from 13 to 30 kb. Plasmid fingerprinting performed with HindIII revealed that four of the strains had a similar restriction pattern (the S. Typhimurium and S. Corvallis strains), whereas five had unique restriction patterns and no restriction pattern could be obtained from the S. Stanley strain (Fig. 1) . Southern blotting confirmed that the qnr alleles were present on the isolated plasmids (data not shown).
Plasmids carrying qnr genes were transferable in vitro. Plasmids from 7 of 10 qnr-positive strains could be transferred by electroporation to E. coli DH5␣, resulting in seven qnrS-posi- on October 30, 2017 by guest http://aac.asm.org/ tive transformants. Amplification using PCR confirmed that the transformants harbored the same qnrS1 gene as their donor strains. Susceptibility testing showed that the MICs of ciprofloxacin and nalidixic acid for all transformants were similar to the corresponding host strains (Table 1) . Efflux activity. Six of the 10 isolates accumulated significantly less of both ciprofloxacin and Hoechst 33342 than the wild-type control SL1344 (Fig. 2) , indicating that increased active efflux activity was present in these strains which may contribute to the resistance phenotype observed. Of these six strains, two (s2093 and s2209) did not increase the level of ciprofloxacin accumulated upon the addition of CCCP, indicating that the low accumulation in these strains is not dependent on the proton motive force.
␤-Lactamase genes. By PCR, two of the strains (highly resistant to ampicillin) were TEM positive but CTX-M and SHV negative. The other eight strains were PCR negative for all ␤-lactamase genes tested. The two TEM genes were confirmed as TEM-1 genes (non-extended-spectrum ␤-lactamase genes) by DNA sequencing.
DISCUSSION
We have previously described a novel population of S. enterica isolates from Finnish patients returning from southeast Asia (12, 18) . In the present study, 10 S. enterica strains showing reduced ciprofloxacin susceptibility and either susceptibility or only low-level resistance to nalidixic acid were analyzed for the presence of all known mechanisms causing quinolone resistance. The qnr genes were the only PMQR determinants found among these nonclassical resistance phenotype isolates. The qnr plasmids were successfully transferred to a susceptible recipient, and the same resistance phenotype was seen in both the host and recipient strains. The plasmid profile patterns indicated that the horizontal transfer of PMQR does occur, since the same plasmid profile was seen in different serovars. Collectively, these results indicated that the plasmids containing qnr genes are spreading among isolates from different locations, times, and serovars. In addition, more than one plasmid was detected, indicating that qnr genes are not limited to one single successful plasmid.
It has been suggested that the Qnr proteins protect DNA gyrase and topoisomerase IV from quinolone inhibition and that isolates with a qnr gene may be less likely to develop topoisomerase mutations than other strains (4). Our findings are in line with these observations. The QRDRs of the gyrase and topoisomerase IV genes were screened for the most commonly occurring mutations, but no resistance-associated substitutions were detected. Although a Thr57-Ser substitution in ParC was detected, the same substitution was present in quinolone-susceptible control strains, indicating that this mutation is likely to have no role in nonclassical quinolone resistance (33) . We have also previously shown by pyrosequencing that none of the isolates with the nonclassical resistance phenotype tested had a mutation at codon Ser83 or Asp87 of the QRDR of gyrA (12) .
The aac(6Ј)-Ib-cr variant has been shown to be more prevalent among qnr-positive than qnr-negative strains in E. coli and Klebsiella (15) . However, our data for Salmonella do not support this finding. We did not find any other PMQR genes among isolates with the nonclassical resistance phenotype. Although all tested strains were negative for the qepA gene, it is possible that enhanced efflux may play a role in this nonclassical resistance phenotype since six strains accumulated less ciprofloxacin and Hoechst 33342 than the control isolates.
Isolates such as we describe here may be hard to identify in clinical laboratories since this phenotype is difficult to recognize using conventional methods (13, 22) . In many laboratories, the nalidixic acid disc diffusion test is used to screen for reduced fluoroquinolone susceptibility in Salmonella, since it has been shown that high resistance to nalidixic acid usually correlates with reduced fluoroquinolone susceptibility (10) . However, the nalidixic acid screening may miss isolates showing reduced fluoroquinolone susceptibility but being susceptible or only demonstrating a low-level resistance to nalidixic acid. Therefore, it is important to revise fluoroquinolone susceptibility testing practice. Since the results from a nalidixic acid Etest or disc diffusion test may be misleading, a ciprofloxacin Etest or disc diffusion test should always be examined in parallel.
In conclusion, this study demonstrates the emergence of a highly mobile qnr genotype that confers a nonclassical quinolone resistance phenotype in S. enterica isolates. It is notable that isolates with the nonclassical resistance phenotype persist in the absence of topoisomerase mutations. Although efflux may have some role in the nonclassical phenotype, the qnr genes alone are adequate to produce isolates with reduced fluoroquinolone susceptibility. This is of concern since nonclassical quinolone resistance is plasmid mediated and therefore mobilizable.
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